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TISSUE  RESPIRATION  IN  THE  LIGHT  OF 
RECENT  RESEARCH 

Bt  Davh,  Fiumr  Habwb,  M.D.,  D.Sc.,  F.R.SE 

water  elunina^^^J^L^?!?  ^k"*  'u*  '"'~''  '''""de  and 

that  this  "carbonaceous"  orirf^;™*!.,  I*  T'as  onginaUy  held 
but  the  -mdoubW  ZducZ  r^?  ^^  j""^>  ""«  *''<»''  *<»«", 
Wood  had  been  repETd  i^tt  ^t^^?''"'^*  ''^  "  '"«  ''^"^ 
that  gas  must  haTori^^ir^^L^^  °  ^T'^  ""*  »*  '«»* 
Oxidation  and  redu:r^S^"y*^;„^-»f°°t,j-  '}>«  blood. 

wt:h«■:^^aHS-"-^^^^^^ 

out  by  iiitracellXTmente      M.^  "*":  ^''"gl't  °f  "s  carried 
of  Europe  and  iTtn^ZT^ye  rtXlT??*-""  '"f  r*««"t 

Z^worke.  ba-  ^dlS  rS^^.^^^^'-t^^^t 
R«d  before  tb.  H.li,„  Medie.1  Sodety,  Norembe,  18ti,  l.M. 


2 


THE  CANADIAN  MED  C!AL 


pintion,  the  exact  nature  of  the  oxidative  proceaa  leading  to  the 
final  formation  of  carbon  dioxide  and  water  with  the  production 
of  correlated  intermediate  tubstancee. 

Those  who  work  on  oxiduei  are  continually  meeting  with 
evidences  of  substances  in  the  living  tissues  which  appear  to  be 
working  in  the  direction  opposite  to  that  of  oxidation.  One  par- 
ticular oxidase  has  the  pviwer  of  oxidising  indo-phenol-white  to  indo- 
phenol-blue,  and  has  been  studied  by  Vernon  who  calls  it  "indo- 
phenol-oxidase."  Studying  the  quantitative  estimation  of  this  oxi- 
dase, Vernon  encountered  "the  unavoidable  presence  of  reducing 
substances  some  of  which  are  possibly  enzymes  or  reductases 
which  act  in  direct  antagonism  to  the  oxidases,  and  under  certain 
conditions  entirely  overpower  them.  Hence  the  absence  of  an 
oxidising  action  cannot  be  held  to  indicate  the  absence  of  oxidase 
unless  the  conditions  are  so  chosen  to  give  the  oxidase  the  best 
possible  chance  of  exerting  its  activity."  Now  it  is  just  these 
reducing  agents  which,  on  the  other  hsind,  I  have  been  studying 
for  some  years  past.  In  1885  Paul  Ehrlich  published  an  elaborate 
research  into  the  reducing  power  of  living  organs  whereby  they  were 
able  to  reduce  indo-phenol-blue  to  the  leuco-compound  and  aliiarine 
blue  to  alizarine  white.  The  pigments  were  injected  subcutan- 
eously  into  living  animals.  GhrUch  found  that  almost  all  organs 
examined  reduced  one  or  other  of  these  pigments,  some  organs  with 
great  energy,  such  as  liver,  fat  and  the  gastric  mucous  membrane. 
He  recognized  that,  even  when  he  could  not  detect  reduced  pigment, 
it  did  not  prove  that  there  had  been  no  reduction,  but  only  that 
oxidation  had  been  quantitatively  greater.  The  title  of  Ehrlich's 
paper  was  "The  oxygen-avidity  of  the  organism,"  for  he  recognized 
that  it  was  in  virtue  of  the  avidity  for  oxygen  on  the  part  of  the 
tissues  that  they  were  also  able  to  reduce  certain  pigments  to  the 
colourless  or  chromogenic  condition.  In  other  words,  the  oxygen 
avidity  is  one  expression  of  reducing  power.  Ehrlich  made  no 
suggestion  that  this  powi  was  due  to  a  ferment. 

In  1896  I  noticed  that  when  an  animal,  still  alive  though 
chloroformed,  had  been  injected  with  the  mixture  of  gelatine  '.nd 
soluble  Prussian  blue  so  much  used  by  bistologists  for  demonsi  at- 
ing  microscopic  blood-vessels,  and  had  been  cut  up  immediately, 
that  such  an  organ  as  the  liver,  instead  of  being  blue,  was  colourless. 
On  cutting  up  the  liver  and  exposing  the  portions  to  the  air,  the  blue 
colour  was  observed  to  be  restored  until  one  could  see  minute  vessela 
which  a  moment  before  were  quite  invisible.  The  restoration  of  blue 
colour  was  very  rapidly  brou^t  about  by  pouringhydrogen  peroxide 
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Tsbbit,  hone  and  frog  wu  able  to  reduce  methylene  blue  to  methy- 
lene white,  lodium  indigo-disulpbonato  to  the  colouiiew  chromofen 
and  sodium  nitrate  to  iodium  nitrite.  It  was  fotmd  alao  that  e.g., 
liver  juice  could  reduce  the  pigment  methamoglobin  flnt  to  the 
•tage  of  oxybwnoglobin  and  later  to  that  of  fully  reduced  hamo- 
globin.  A  boiled  control  of  theee  juicea  had  no  reducing  power 
whatever. 

Two  French  workers,  Abelous  and  Gerard,  as  long  ago  as  1899 
had  si'ggested  that  these  reducing  powers  of  tissues  mi^t  be  due 
to  the  presence  of  a  ferment  to  which  they  gave  the  rather  bar- 
barous name  "reductase."  Later  reasons  will  be  given  for  suggest- 
ing a  more  specific  term  for  this  tissue-ferment. 

My  work  carried  out  in  1909-10  was  imdertaken  with  a 
view  to  determine  what  was  the  evidence  for  the  existence  of  a 
reducing  ensyme  in  tissue  press-juice.  The  results  then  obtained, 
taken  in  conjunction  with  others  arrived  at  more  recently,  have 
gone  far  to  convince  me  that  there  is  a  tissue-ferment  with  raducing 
powers.  We  have  no  evidence  that  this  ferment  differs  qualita- 
tively whether  it  is  derived  from  liver,  kidney  or  other  tissue. 

Some  of  the  evidence  for  this  conclusion  may  be  summarised 
as  follows: 

In  the  first  place  in  a  control  experiment  where  the  juice  is 
boiled,  none  of  the  reducible  substances  mentioned  above  is  reduced 
thereby.  The  temperature  of  boiling  water,  as  is  well  known, 
destroys  the  activity  of  all  enzymes. 

In  the  next  place,  the  general  behaviour  of  the  juice  according 
as  the  temperature  is  raised  or  lowered  is  in  agreement  with  the 
behaviour  of  acknowledged  enzymes.  Thus  at  minus  WC,  there 
is  no  reduction  of  soluble  Prussian  blue  by  fresh  liver  juice,  and  it  is 
extremely  slow  at  zero;  inhibition  may  be  induced  indefinitely  by 
keeping  the  mixture  of  pigment  and  juice  surrounded  by  a  freezing 
mixture;  on  the  mixture  being  removed  to  air  temperature,  re- 
duction goes  on  as  rapidly  as  is  usual  for  that  temperature;  the  fer- 
ment, therefore,  has  been  inhibited  but  not  destroyed.  As  the 
temperature  rises,  the  velocity  of  reduction  increases  correspond- 
ingly; the  optimum  temperature  is  somewhere  between  40  and 
45°C.  Like  recognized  enzymee,  reductase  has  a  destruction- 
temperature  which  is  in  the  neighbourhood  of  70°C. 

While  fresh  juice  reduces  soluble  Prussian  blue  within  a  minute 
or  so  at  room  temperature  (17°C.),  its  activity  rapidly  falls  off,  so 
that  after  twenty-four  hours  it  takes  some  minutes  longer  to  bleach 
the  pigment;  yet  juice  which  takes  some  minutes  at  room  tempera- 
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tMB  hM  ito  time  dutincUy  .hortened  .t  40^.,  the  blood  hM(. 
Tbww  to  •  decy  m  the  «Mivity  of  tto«ue  reductue  the  longw  th« 

reduction  of  liver  juice  was  estimated     At  the  end  of  twenty-four 

dS^^^  ^         'T"**  1"^  *?  ^  P*'  ™"'-  "'  '»«'  ^n'l^of  ">•  fourth 
day  to  30  per  cent,  and  at  the  end  of  the  eighth  day  to  about  5  per 

Ztlv  ^  ""^'T'L^'  '"u*"^""  "^""'^  'o  ">•  "iBh"'  day  i.  eW- 
found'^  ZtT^''^*  P^^'on-enon,  for  quite  ecently  it  has  been 
found  that  both  hepatic  xanthinase  and  uricase  are  active  in 
hver  juice  as  ate  <»  the  fifth  day.  We  shall  later  see  that  thto 
decrMse  m  activity  is  amenable  to  mathematical  treatment. 
Pn.i!ff  J  '"''"•^'*'  ?">  "^""^  to  be  able  to  bleach  soluble 
^.nnT.  "  7/'"*.,:^  *"  "**■  °°«'  '"'i  to  eliminate  the  a.tion 
tordto^sfj";^?  '^""?  ^""*«  "">  "*""'•  AlkaUe.  had  first 
f«lW  If'^rl.  t.  "  "  "'u?"""*  *™*  """"  **»"»  "a"  «»«"«  rapid 
Ste  if  '"'  ^'^T  ?•'"."  *■"*  "«'*"''  otter  pigments,  but  none 
0,1^?^.?"^°'  '?  •"•  ?^f  "™"«»-  ^''"  "»  'he  various  in- 
it  w^fn^i^  ^I:T°  '"  "1"  ^'"^  °'  'y^P**  '>'«5  !'««"  examined, 
^Zh  Tf  •  r"^"'  >*'*'"  "'""^^  ""y  f'-l'ng  of  the  blue 
beyond  what  a  smiUar  dilution  with  water  would  have  done.    No 

S^f!?  !!S  were  mixtures  of  the  salts;  and  Ringer's  solution 
rl'^^",'^  °°i?'^''-  ««<'"''»''«'  certainly  acts  like  a  reducer 
^sS.^^^'  f^T-  4"d.  therefore,  added  to  the  solubte 
h^^  n^n'iT  •  8?'*"°e.™«l»e  P'events  that  complete  reduction 
Histlnrt  °'  "» 'njected  organ  which  occurs  in  its  absence. 

Hutologisto  recommend  acetic  acid  being  s'.:ded  to  this  panicuUr 

ZZ°"    TwTk'°°"'"  •*"  Pr*"'  "'^^  ^y  the^lkaline 
tissues.      That  the  inorgamc  salts  of  the  blood  do  not  reduce 

^l"^^n71""M';Sr  *"'"  '•y  '""^  '■«='  "^t  -hen  the  bU^  ani 
ti^J  "  ^v.''"^L'"^.*  ""  *"  '"8«  '-"^^  they  form  purple 
lttrhT^*r*lT  *'"'  •''"?*  '«  ""t  -"^hed  out  preWous  to  in! 
l!^,^  w  K  ^  *''!u '".'  '"^^  "^"'^e  '  to  the  colourless  state,  the  blood 
would  be  red  m  the  large  vessels,  ..hereas  it  is  always  piiple  when 
the  one  pigment  does  not  predominate  over  the  other.  Itis  hu  X 
f^Z"?  "^^  "f  *  "^"''"°"  ""'  »ot  due  to  products  of  putre^ 
facfaon,  for  not  only  were  the  juices  kept  under  toluene,  but  the 
reducing  power  falls  off  with  age  while  the  products  of  putrefaction 
whTh'ZT".^  accumulate  as  time  goes^  on.  The  m  .tor 
which  had  to  be  ehmmated  was  the  supposed  reducing  power  of 
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protcina  (eoUokb):  this  wu  Ulwn  up  by  •co-worker  of  mine,  Dr. 
H.  J.  M.  Creigbton.*  Briedy  lUted  bii  concluiioiit  were:  colloidi 
■uch  «■  gelatine  and  egg-white  reduce  loluble  Pruaiian  blue  with 
great  rapidity  at  100°C,  in  about  half  an  hour  at  60°C,  while  the 
reduction  is  barely  perceptible  at  room  temperature  at  the  end  of 
many  hours.  It  was  shown  that  the  protein  formed  a  colourleM 
compound  with  the  pigment,  and  that  reduction  was  due  to  the 
removal  of  a  positive  ionic  cliarge.  Seeing,  then,  that  fresh  liver 
or  kidney  juice  at  room  temperature  can  reduce  soluble  PruMian 
blue  to  the  leuco  condition  within  sixty  seconds,  the  agent  operative 
in  the  case  of  colloidal  reduction  is  not  that  which  we  have  been 
investigating  in  tissue-juices. 

We  think  it  is  possible  that  these  colloidal  phenomena  worked 
out  by  Creighton  are  the  reductions  which  Heffter  has  studied. 
Hefftor  holds  that  the  so-called  reductase  reductions  are  not  vital 
(enzymic)  but  are  all  due  to  the  interaction  of  colloids  and  pig- 
ments. He  says  that  crystallized  egg-albiimen  can  effect  redui.  tion. 
The  blood-proteiis  certainly  cannot  do  so  either  at  room  tempera- 
ture or  at  40'C. 

Now,  however  interesting  and  important  the  study  of  the 
action  of  reductase  on  various  pigments  and  other  salts  capable 
of  reduction  may  be,  we  have  to  remember  that  none  of  them  is 
even  approximately  the  natural  medium  of  the  tissues  and  most  of 
them  are  distinctly  toxic  for  the  living  substance.  Nothing  other 
than  oxyhemoglobin  is  the  natural  substance  yielding  the  oxygen 
dealt  with  by  tissue  reductase.  Dr.  Creighton  and  I  have  recently, 
therefore,  made  a  systematic  investigation  into  the  relationships  of 
reductase  and  oxyhemoglobin  in  solution,  a  research  which  has 
brought  to  light  many  fresh  data.  The  method  used  was  spectro- 
scopic :  that  is,  the  change  from  the  two-banded  spectrum  of  oxy- 
hemoglobin to  the  one-banded  spectrum  of  fully  reduced  hemo- 
globin was  followed  with  a  direct-vision  spectroscope.  There  are 
two  advantages  in  this  method;  the  first  that  the  reductase  was 
acting,  as  it  were,  in  its  own  proper  substrate,  the  respiratory  pig- 
ment oxyhemoglobin,  the  second  that  the  end-point  was  as  accurate 
as  could  be  obtained  in  a  spectroscopic  method.  The  personal 
factor  was  practically  eliminated.  As  the  mixture  of  juice  and 
diluted  blood  was  examined  from  moment  to  moment,  the  two 
bands  were  seen  gradually  to  fade  away  and  be  replaced  by  the 
single  fainter  band  of  the  reduced  pigment.    The  change  of  colour 
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o^^^Jt^!^  '"  *■•  '**"'•<•  ^  lorwinxmd  very  clowjy  with 

l^rLl*I'J!5"  '!!'•  ""«' fi'»"y  *'»»  'uUy  reduced  it  w^rf 
!!f  Jl^  J  ''J'''  "'*'"'  "  ch«r»cteri.Uc  of  venou.  blood.  To- 
ZhT?.^  "*  *""  7°.^''  "•  '^'«  •'>'•  »»  "y-  «ven  by  iwpection. 
corrobomted  u.  We  found  tb«t  the  f«.h  liver  j  Jice  (cat)  in  p.^ 
^Sf i„  .'"  '.''"f"  ^  "'"'"'"  °'  oxyha-moglobin  (caf»  blood  diluted 
w^h  n  T"'^""" -^  ""V"'  ""npletely  reduce  the  pigment  at  40»C 
within  five  to  8IX  nunutee.    At  room  temper»ture   (IT-M-C.) 

th^  »rn''fY).?£Tr"''?  iri'"?*'  " '"°«-  "T^  acceleration  in 
l„'!'l"'  ^''«  wductw  of  blood  pigment  with  ri»e  of  temperature 

r^'^T,^^  ^  '"!'^no"^ "^^^  ''*''  ^'''™'  ""'  '*»«"  «'  eduction 
were  36  minute.  »t  10°,  22  minute,  at  20°,  10  minute,  at  30°,  8 
minute,  at  40°,  26  minute,  at  60°,  and  1-76  minute,  at  55°C. 
«r.f.I^'  feducta*  thu.  can  work  through  a  large  range  of  tem- 
w^^T'  r  ""«'''  *"•*"*  ">"  *»  *»"'<'  be  fr  nd  both  in  cold- 
blooded  and  m  warm-blooded  animal..  Thi.  di.covered  to  be 
the  ca«e,  for  we  had  unmi.Ukable  evidence  0/  it.  activity  in 
«Mue.juice«  both  from  the  frog  and  fr»m  the  6.h.  At  «>om  iZ 
pereture,  a  .pecimen  of  Uver  juice  from  the  fi.h  which  reduced 
oxybsmoglobm  m  7  nu^ute.,  reduced  it  at  40°C.  in  2  num  i 
We  found  reductaw  in  fact  in  four  out  of  the  five  great  grou^      ; 

reducta*  from  fish',  liver  wa.  amongst  the  most  energetic  of  any 
we  encountered :  the  reawn  wems  clear;  the  fi.h  ha.  accew  to  «>  Uttle 
oxygen  that  its  organ,  mu.t  be  able  to  extract  it  very  thoroughly. 
^c„^*."^''*d  acceleration  of  reduction  at  temperatures  above 
40  C.  I.  m  accordance  with  what  we  know  a.  to  the  inten.ification 
of  re.piiratoiy  tissue  changes  in  fever.  Herter  ha.  told  u.  that  in 
hog  cholera  the  reduction  procesw.  are  exaggerated. 

We  had  no  evidence  that  reductase  wa.  qualitatively  different 
m  the  various  organs  of  the  wme  animal  nor  in  the  different  kinds 
of  ammals  examined.  There  is  no  .pecificity  of  reductase  from  any 
one  source  in  reference  to  hamoglobin  from  any  other.  Thus  the 
cat .  hver  juice  can  reduce  the  blood  of  any  other  mammal  or  of  a 
bird,  a  frog,  or  a  fid,.    The  reductase  of  a  bird  can  reduce  the  blood 

"-l^T!^'  f  '"«,',  °':*  ^  ""d  «>  0°      We  have  caUed  thew 

crossed  reductions;"  they  prove  there  is  no  mutual  specificity 

ofrelationship  between  the  enzyme  and  the  pigment.    Incidentally 

they  corroborate  the  belief  that  the  resemblance,  between  the 
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fasmoglobiiui  from  various  animate  are  more  numerous  than  the 
differences.  The  physiological  significance  of  the  absence  of  any 
specificity  between  reductase  and  hiemoglobin  is  that  foreign  blood 
intradu(^  into  any  animal  can  still  be  reduced  by  that  animal 
so  that,  for  instance,  human  tissues  can  obtain  oxygen  from  the 
hemoglobin  of  any  lower  animal.  The  danger  to  the  human  being 
as  regards  blood-transfusion  is  not  that  the  foreign  blood  will  not 
be  reduced,  but  that  it  may  act  hEmolytically  toward  the  red  cor- 
puscles of  ibe  receiver. 

The  object  of  the  tissue  reduction  of  oxyhemoglobin  is  vir- 
tually to  cause  the  oxygen  to  dissociate  from  the  pigment;  all  work 
therefore  on  the  subject  of  the  dissociation  of  oxyhemoglobin  has 
a  bearing  on  the  present  problem.  Some  workers  have  laid  stress 
on  rise  of  temperature  as  a  factor  in  this  dissociation.  Where  this 
factor  is  operative,  it  is  a  vastly  slower  action  than  that  of  reductase. 
After  many  hours  a  tube  of  oxyhemoglobin  kept  at  40°C.  is  still 
unreduced,  whereas,  as  we  have  seen,  certain  juices  at  room  tem- 
perature will  reduce  twice  or  more  of  their  volume  of  diluted  blood 
in  two  to  three  minutes.  Temperatures  above  body-temperature 
(40°C.)  do  not  enter  into  the  problem  in  healthy  animals.  Since 
oxyhemoglobin  can  be  slowly  reduced  at  10°C.  and  even  at  0°C., 
we  hold  that  reductase  is  the  factor  operative  at  low  temperatures 
in  the  cold-blooded  animals.  The  almost  complete  cessation  of 
reduction  at  0°C.  and  below  is  an  interesting  demonstration  in 
vitro  of  the  artificial  counterpart  of  that  cessation  of  tissue  respira- 
tion which  constitutes  the  condition  known  as  "latent  life." 

In  the  next  place  the  presence  of  carbon  dioxide  in  the  blood 
has  been  proved  by  Barcroft  to  be  a  factor  in  facilitating  the  dis- 
sociation of  oxyhemoglobin  in  vitro.  This  is  regarded  as  a  most 
important  factor  in  the  case  of  cold-blooded  animals.  Important 
as  this  has  been  shown  to  be  in  laboratory  experiments,  we  are 
fully  convinced  that  it  is  not  the  chief  factor  in  the  reduction  of 
oxyhemoglobin  even  in  the  poikilothermic  animals.  The  factor 
responsible  for  the  reduction  of  oxyhemoglobin  is  highly  insoluble; 
but  carbon  dioxide  is  very  soluble.  Similarly,  traces  of  acid  have 
in  laboratory  experiments  been  demonstrated  to  facilitate  the  separ- 
ation of  oxygen  from  oxyhemoglobin.  We  do  not  think  that  this 
either  is  a  factor  of  high  importance  in  tissue  reduction.  Since  it 
is  true  that  juice  kept  aseptic  developes  acidity  in  autolysis,  the 
older  the  juice  the  more  vigorously  it  ought  to  reduce  if  acid  were 
an  important  factor,  but  we  have  shown  that  the  exact  opposite 
is  the  case.    Traces  of  acid  tend  to  form  methemoglobin,  a  pigment 
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wo  have  Mver  noticed  in  any  mixture  of  active  tissue-juice  and 
oxyluemo^obm.    Again  the  acids  in  question— for  instance  lactic 
;-are  soluble,  the  reducing  agent  in  press-juice  is  comparatively 
insoluble.    It  might  be  noted  that  in  dealing  with  Uver  juice  and 
oxyhamoglobin,  we  have  eliminated  both  bile  and  dextrose  as 
factors  m  tire  reduction  of  the  pigment.    It  may  be  remarked  that 
the  80-oaUed  reducing  power  of  coUoids  is  exerted  only  against 
certam  pigmentary  substances  and  not  at  all  against  oxyhremo- 
globm.    In  other  words,  the  "Creighton  effects"  have  no  analogies 
in  connexion  with  the  reduction  of  oxyhiemoglobin;  for  one  thing 
It  is  impossible  to  heat  blood  to  lOO'C.  without  its  being  decomposed. 
If  the  substance  responsible  for  reduction  in  tissue-juices  is 
an  enzyme,  it  ought  to  be  injuriously  affected  by  contact  with 
po'.i«ns,  substances  known  to  destroy  or  retard  the  action  of  cata- 
-ysts  m  general.    A  considerable  number  of  such  substances  were 
exammed  by  aUowing  fresh  liver  juice  (cat)  to  remain  in  contact 
with  solutions  of  the  poison  for  ten  minutes,  and  then  comparing 
the  time  required  by  the  poisoned  juice  to  reduce  oxyhffimoglobin 
with  that  required  by  the  same  quantity  of  unpoisoned  juice. 
Two  strengths  of  poison  were  employed;  01  molar  and  001  molar 
a  strong  and  a  weak  respectively.    All  the  foUowing  were  in- 
vestigated: formaldehyde,  mercuric  chloride,  potassium  cyanide 
gold  chloride,  osmic  acid,  manganous  chloride,  ammonium  bromide, 
arsemous  acid,  ammonium  chloride  and  sodium  arsenite.    Unfor- 
tunately, certain  toxic  substances  could  not  be  used  at  all  on  account 
of  the  way  in  which  they  caused  the  blood  solution  to  fade  when 
added  to  it;  among  such  were  acids,  copper  sulphate,  ete.    In  a 
particular  series  of  experiments,  ten  minutes  was  the  time  found  to 
be  necessary  for  the  complete  reduction  of  oxyhemoglobin  by  un- 
poisoned juice,  whereas  the  times  for  poisoned  juice  were  with  the 
weaker  solutions  as  follow:  arsenious  acid  33',  potassium  cyanide 
30 ,  mercuric  chloride  and  sodium  arsenite  17',  gold  chloride  15' 
osmic  acid  13'  and  formaldehyde  10'.    When  the  stronger  solutions 
were  employed,  the  times  were  lengthened,  for  instance,  for  for- 
maldehyde 48',  potassium  cyanide  34',  manganous  chloride  25' 
and  osmic  acid  19'.    Ammonium  chloride  alone  of  all  the  sub- 
stances tried  had  no  poisonous  effect  at  either  concentration;  this 
IS  in  accordance  with  what  we  know  of  it  therapeutically. 

One  substance  highly  poisonous  to  animals,  carbon  monoxide 
is  of  particular  interest  spectroscopically.  It  is  a  poison,  because 
it  unites  so  finnly  with  hsemoglobin  that  it  prevents  the  formation 
m  the  lungs  of  the  much  less  firm  combination,  oxygen  and  hamo- 
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globin.  The  pigment  therefore  carries  carbon  monoxide  instead 
of  oxygen  to  the  tissues  which  are,  in  consequence,  starved  of  oxygen 
or  asphyxiated.  The  affinity  of  carbon  monoxide  for  htsmoglobin 
is  stronger  than  that  of  carbon  monoxide  for  the  tissues.  Trans- 
lated into  terms  of  our  conception,  the  tissues  cannot  split  off  the 
carbon  monoxide  from  the  hemoglobin  because  reductase  being  an 
oxygen  carrier  and  oxygen  activator  has  no  affinity  for  carbon 
monoxide.  It  was,  therefore,  very  interesting  to  determine  whether 
the  carbon-monoxide-heemoglobin,  a  pigment  with  a  well-known 
spectrum,  would  remain  unaltered  in  the  presence  of  reductase  or 
whether  it  would  be  in  any  way  changed.  It  remained  unaltered 
for  many  hours  at  40°C.,  showing  that  reductase  in  its  state  of 
comparative  freedom  in  tissue-juice  was  as  powerless  to  break  up 
the  carbon-monoxide-bsemoglobin  union  as  it  is  in  intact  cells. 

Recently  we  have  studied  the  enzymic  nature  of  the  active  agent 
of  tissue-juice  from  the  kinetic  standpoint.  Measurements  were 
made  to  determine  the  value  of  the  tmperature  coefficient  of  the 
activity  of  reductase,  and  also  to  determine  the  nature  of  the  law 
governing  the  decay  in  the  activity  of  the  enzyme.  As  regards  the 
former,  we  obtained  the  necessary  data  from  experiments  on  the 
reduction  of  oxyhcemoglobin  by  cat's  liver  juice  at  different  tempera- 
tures. To  determine  the  temperature  coefficient,  the  time  required 
to  reduce  oxyhemoglobin  at  any  one  temperature  was  divided  by 
the  time  required  to  reduce  it  at  a  temperature  10°  higher.  Between 
10°  and  40°C.  the  velocity  of  reduction  is  approximately  doubled 
for  each  10°  rise  in  temperature,  so  that  the  temperature  coefficient 
is  about  two.  This  discovery  as  to  the  behaviour  of  tissue-juice 
with  rise  of  temperature,  confirms  our  general  contention  that  we 
are  dealing  with  an  enzyme.  Above  40°  it  has  been  found  that  the 
increase  in  the  velocity  of  reduction  with  rise  in  temperature  rapidly 
falls  off.  Between  50°  and  60°C.,  the  temperature  coefficient  has 
been  found  to  be  1'43.  Although  usually  the  temperature  coeffic- 
ients of  reactions  decrease  slightly  with  increase  of  temperature, 
the  decrease  in  the  values  obtained  for  the  reduction  of  oxyhsemo- 
globin  by  reductase  at  temperatures  above  40°C.  is  much  greater 
than  would  be  the  case  in  ordinary  chemical  reactions.  Since  it 
is  exceedingly  probable  that  the  optimum  temperature  of  reductase 
lies  between  40°  and  46°C.,  the  acceleration  of  the  velocity  of 
reduction  due  to  increase  in  temperature  is  evidently  to  a  certain 
extent  counteracted  by  a  partial  inhibition  or  destruction  of  the 
enzyme,  the  result  being  a  decrease  in  the  value  of  the  temperature 
coefficient. 
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Mathematical  treatment  of  our  data  shows  that  if  the  decrease 
in  activity  of  the  enzyme  be  regarded  as  proportional  to  the  de- 
crease in  its  reducing  power,  then  the  expression 

log  I ^^  .  k 

0.4343t  V,  a— X  J 
is  found  to  hold.  Considering  the  sources  of  error  in  our  experi- 
ments, the  values  obtained  for  *  are  sufficiently  constant  to  warrant 
our  assuming  that  the  decay  in  the  activity  of  reductase  follows 
the  monomolecular  or  logarithmic  law.  In  the  foregoing  equation 
a  represents  the  initial  activity  (100  per  cent.)  of  the  enzyme  and 
X  the  percentage  decrease  in  activity  at  the  end  of  time  i.  Deter- 
minations of  the  reducing  power  of  cat's  liver  juice  of  different  ages 
earned  out  at  66°,  50°,  and  40°C.,  gave  the  following  respective 
mean  values  for  ft,  00132,  0-0134  and  0-0121. 

We  are  now  perhaps  in  a  position  to  summarize  the  evidence 
which  has  been  accumulating  to  indicate  that  in  Uving  tissues 
there  is  a  ferment  for  internal  respiration  capable  of  effecting  chemi- 
cal reduction. 

1.  The  criterion  of  solubility  naturally  occurs  to  one  first  of 
aU.  Reductase  is  certainly  not  soluble  if  by  "soluble"  we  mean 
capable  of  entering  into  pure  water.  We  have,  however,  found 
that  with  difficulty  some  of  it  can  pass  from  liver  juiee  into  0-75 
per  cent.  NaCl  and  from  disintegrated  muscle  into  glycerine  and 
saUne  solution,  which  mixture  seems  better  than  either  menstruum 
alone.  Reductase  is  not  soluble  in  the  sense  that  pepsin  is  soluble; 
It  leaves  its  association  with  the  ceU  proteins  with  great  difficulty, 
nor  will  it  dialyse  away  from  them.  The  glycerine  and  saUne  ex- 
tract (muscle)  or  "solution"  did,  however,  reduce  oxyhsemoglobin 
m  two  to  three  minutes,  while  the  boiled  control  had  no  effect 
whatever.  Neither  reagent  by  itself  has  any  reducing  effect.  This 
glycerine  and  saline  muscle  extract  also  reduced  soluble  Prussian 
blue. 

AH  subsequent  attempts  to  isolate  the  ferment  have  failed. 
Indeed,  it  was  through  finding  the  injurious  influence  of  alcohol 
and  ammonium  sulphate  on  the  ferment  used  with  the  view  of 
precipitating  it,  that  we  were  led  to  study  the  poisonous  effects 
of  other  materials.  The  comparative  insolubility  of  reductase 
IS  perfectly  intelUgible.  The  rflle  of  the  ferment  is  to  obtain  acti- 
vated  oxygen  at  the  boundary  of  the  ceU;  it  would  not  serve  the  in- 
terests of  internal  respiration  for  reductase  to  be  able  to  leave  the 
cell  and  circulate  in  the  blood.    It  is  not  a  secretion  Uke  the  exo- 
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wuymes  pepein,  ptyalin,  etc. ;  It  ia  an  endcxiuyine  w»  it  glycogenaae, 
but,  unlike  glycogenaae,  it  ia  inaoluble,  and  aa  auch  by  no^ieani 
alone  in  .that  claea. 

2.  The  next  criterion  that  may  be  appUed  is  the  manner  in 
Which  the  activity  of  an  eniyme  variea  with  fluctuation  of  the 
t^p«»ture  IJe  behaviour  of  reductase  IB  whoUy  in  accoMance 
inth  that  of  undoubted  enaymes;  there  ia  inhibition  but  not  de- 
Btruction  below  and  at  0°C.,  aa  th--  temperature  riaee  there  ia 
PMte  and  greater  velocity  of  action  until  the  destructive  effects 
of  heat  begin  to  make  themselves  felt.  That  is  to  say,  there  is  an 
optimum  and  there  is  a  destruction  temperature 

in»  'j'^'oA^P?'^*'™  «o^«»nt  of,  approximately,  two  between 
10  and  40  C.  IS  m  line  witn  known  eniymic  action 

4.  This  is  also  true  of  the  logarithmic  nature  of  the  decay 
m  the  activity  of  the  enzyme. 

6.  The  deterioration  with  age  of  reductase  in  a  moUt  medium 
also  conforms  to  the  behaviour  of  other  enzymes.  It  withstands 
complete  dessication  badly. 

6.  The  fact  that  poisons  for  catalysts  similarly  affect  the 
actively  reducing  substance  in  press-juice,  is  in  favour  of  that  sub- 
stance also  being  an  enzyme. 

7.  The  criterion  of  reversibiUty  is  one  which  is  difficult  to 
to  apply  to  reductase.  Stated  baldly,  the  ferment  does  not  induce 
any  reversed  action  in  the  direction  of  oxidation.  Press-juices 
reduce  materials  once  for  aU,  and  no  oxidation  in  virtue  of  the 
presence  of  reducing  agents  is  possible.  Oxyhsmoglobin  once 
reduced  is  not  re-oxidised.  But  since  oxidases  are  always  present 
actmg  simultaneously  with  reductases,  the  chemical  complex 
oxidase-reductase  is  functionaUy  equivalent  to  a  reveraible  ferment. 
In  this  connexion,  one  should  remember  tiiat  the  Cannizzaro 
reaction— simultaneous  oxidation  and  reduction— has  actually 
been  obtamed  when  certain  aldehydes  were  digested  with  Uver  tissue 
thus  ' 

2R.CH0+H,0=RCH,.0H+RC00H 
where  one  molecule  of  the  aldehyde  is  oxidised  to  the  acid  and  the 
other  reduced  to  the  alcohol.    Pamas  has  actuaUy  suggested  *,h9 
term    aldehydemutase"  for  the  hypothetical  enzyme  concerned. 

rhe  object  of  tissue  respiration  as  distinct  from  tissue  nutrition 
may  be  said  to  be  two-fold;  to  produce  heat  and  to  prepare  kata- 
bolites  for  excretion.  Thus  carbohydrates  are  oxidised  to  yield 
carbon  dioxide  and  water  as  end-products,  although  exactly  how 
IS  not  even  yet  throughly  understood.    As  aldehydes  (aldoses) 
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tte  cMbohydrate  chains  are  capable  of  disintegrative  oxidation- 

and  already  aldehydasee  have  been  aamuned.  «u»oon, 

T'lefstty  acids  are  certainly  oxidised  in  the  tisBuee  after  bein« 

at  the  iS^j^bon  atom  on  each  oxidation  until  finaUy  ^-hydrow- 
butync  acid  u.  obt«n«l  which  U  ultimately  oxidised  in  the  pre^ 
of  sufficient  carbohydrate  to  carbon  dioxide  and  water  K  in- 
suffi^ent  carb^ydrate  be  present,  then  the  acetone  group  ^ 
bodira  18  excreted  which  is  the  chemical  abnormality  in  dSbetes 

is  ijT^^t  "*  '*'*^^  r'!^*'^  "'**'  deamination  which 
^ST  "f^,^^  "  enzymic.  Amino-acids  thus  deaminated  are 
o^^  f««y^«»d«  which  can  then  undergo  the^^^ 
randative  breakdown  to  which  these  acids  are  Uabte.    I^W, 

3^!L5«  """"  *^"P.  "'"*'^°  ""Nations  within  the  tissue 
and  ^ific  enzymes  are  described  which  accompUsh  these 

Ihese  various  oxidations  in  the  tissues  which  are  now  reearded 
as  enzymic  are  theimogenetic  and  are  entitled  to  bl  coS^^ 
making  up  mternal  respiration  on  its  dis.assimilato~  w1 
may  in  fact,  speak  of  tissue^-..u«tion,  since  the  various  process^ 
cpZ.  f  ^k'"""*"**?**  '""'^°''  °f  waste-products"e^ 
ated  by  mtraceUular  ferments,  and  all  that  we  claim  at  present 
M  that  tissue^nspjiation  should  be  so  regarded.  We  have  e^dence 
of  a  yeiy  powerful  intracellular  ferment  which  brings  actite  o^gen 

r«^«S'  J"*"^  fci?"  "i"^^-  ™«  '«  'he  fement  aSy 
eaUed  reductase  m  1899.  I  think  that  the  time  has  come  to  rive 
It  ite  specific  name  of  luBmoglobinase,  for  hemoglobin  iX^SIe 
of  the  oxygen  it  deals  with,  hemoglobin  is  the^substance  rXed 

normi^ct     °  "  '*"  ""'"^  ^"''*™*^  "  ^^'*-««  °°  ^"^  " 

A  comparatively  recent  observation  by  Dakin*  is  of  interest 

m  this  connexion.      "TTie  oxidation  of  /S-hydioxyburyric  acid^ 

acet.  acetic  acid  was  shown  by  Dakin  and  Wak<SL  to  be  die  to 

ne'S'of"^'"'  """''^  '^  ™'"^y  ^P""**^  from  Uver-S^^ 
.wt:;^  K  ♦i!  *'"^*  ^^  °°*  "^^  vigorous,  but  was  markedly 
increased  by  the  prince  of  oxyhemoglobin.  Oxj-hemogS 
alone  was  entirely  without  action."  It  seems  exceedinglyprS 
that  m  separatmg,  admittedly  roughly,  the  oxidiri^e™   a 

ir^iT*"''  "^  '^'"'^  ^"^  p'^^-'t  along  «irthrs;s^ 

and  added  hemoglobin.    The  reductase  would  reduce  the  oxyC^ 


lOw'p'^'  "*^*^''*™  "^  reductioM  in  the  animal  body." 
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globin  activating  the  oxygen  which  und«r  the  influence  of  the 
oxidase  oxidiaed  the  acid  aa  reported.  This  explanation  at  leaat 
accountt  for  the  phenomenon  obeerred  and  especially  for  the  fact 
that  the  hemoglobin  aUme  had  no  influence. 

In  bis  recent  text-book  of  "Physiology,"  Professor  Starling* 
write?:  "There  is  no  doubt  that  reducing  substances  are  found  under 
normal  circumstances  in  the  tissues  ....  and  it  is  possible  that 
such  reducing  substances  may  aid  i  i  activating  oxygen  and  in  the 
indueUan  uf  certain  oxidative  processes."  ll^e  italics  are  mine, 
for  this  precisely  expresses  my  belief  that  the  chief  reducing  sub- 
stance in  fresh  normal  tissues  is  an  enzyme  which  does  originate 
or  induce  the  oxidative  tissue  activities.  This  was  indeed  Hoppe- 
Seyler's  original  suggestion;  all  our  work  is  in  the  direction  of 
confirming  it. 

The  source  of  active  oxygen,  as  is  well  known,  has  been  re- 
ferred to  intracellular  peroxides  of  which  an  inorganic  example  is 
hydrogen  peroxide.  Now  it  is  remarkable  that  most  tissue-juices 
contain  the  enzyme  catalase  whose  duty  would  seem  to  be  to  de- 
compose hydrogen  peroxide  into  water  and  molecular  oxygen  thus — 

2H,0,=2  (HaO)-(-Oj; 
but  that  catalase  is  not  responsible  for  the  reductions  we  have  been 
studying  we  have  detailed  evidence.    A  peroxidase  has  been  postu- 
lated as  responable  for  the  decomposition  of  hydrogen  peroxide 
which  yields  the  active  oxygen  thus — 

H,0,=H,0-l-0'. 
Whatever,  then,  the  peroxidase  is,  it  is  virtually  a  reducing  agent. 
I  am  not  prepared  to  explain  the  relationship  of  reductase  to 
peroxidase  or  to  the  hypothetical  peroxides,  but  I  prefer  to  con- 
ceive of  the  inspiratory  phase  of  tissue-resiHration  as  the  removal 
of  oxygen  from  cell  lymph  and,  therefore,  ultimately  from  oxy- 
hemoglobin by  the  activity  of  a  reducing  endo-enzyme.  I 
find  is  tissues  an  enzymic  reducer;  it  reduces  hemoglobin  to  the 
completely  reduced  condition,  and  since  it  carries  oxygen  from  it  in 
this  way  it  is,  in  one  sense,  an  oxygenase.  It  m  quite  possible  that 
the  organic  peroxide  plus  ferment  of  certain  writeis  is  none  other 
than  our  hemoglobinase  which  is  certainly  of  colloidal  nature. 
There  seems  no  need  of  retaining  the  term  "oxygenase"  when 
hemoglobinase  is  a  more  specific  term  for  a  ferment  which  can  do  all 
that  oxygenase  is  supposed  to  do  and  considerably  more. 

We  have  seen  that  reductase  is  very  insoluble:  the  true  mean- 
ing of  this  may  be  that  what  we  call  reductase  is  in  ultimate  cellular 

'P.  IW«. 


ASSOCIATION  JOURNAL 


IS 


•ntljrsis  the  totality  of  certain  side<haiiu  of  the  living  protoplasmic 
molecule  (biogen)  which  possess  affinities  for  oxygen.  These,  in 
the  nature  of  things,  cannot  be  disrupted  from  the  biogen  without 
compromising  its  functional  integrity.  This  sort  of  thing  on 
ultimate  analysis  an  wiAxniyme  proves  itself  to  be;  and  Vernon 
has  indeed  remarked  on  the  insolubility  of  certain  oxidases. 

It  is  true  that  on  this  view  the  distinction  between  "vital 
pr  jtopUsmic  activities"  and  enzymes  is  obliterated,  but  it  is  quite 
possible  that  that  distinction  has  been  made  too  absolute.  When 
an  exo-enzyme  or  enzymic  secretion  (such  as  ptyatin,  pepsin) 
can  perform  its  function  equally  well  in  the  cavity  of  a  viscus  or 
in  vitro  we  may  he  justified  in  maintaining  the  distinction  between 
vitality  and  enzymic  b.--tion.  The  secretion  enzyme  was,  however, 
part  of  the  protoplasmic  molecule  before  its  separation.  It  is  not 
the  act  of  disrupting  the  bide-chain  that  constitutes  an  enzyme; 
doubtless  disrupted  side-chains  are  our  separable  ferments  and  be- 
cause disrupted  are  more  or  less  soluble.  But  non-separated  side- 
chains  can  still  be  called  ferments  (endo-enzymes)  which  because 
undisrupted  are  "insoluble."  The  former— the  secretion-enzymes 
—are  destined  to  leave  the  parent  protoplasm,  the  latter  are  not 
intended  to  be  separated  from  the  biogens  and  are,  therefore,  called 
endo-enzymes.  It  is  not  whether  they  act  outside  or  inside  the 
protoplasm  that  constitutes  them  ferments,  it  is  their  functional 
powers  that  confer  the  title  on  them.  Since  animal  heat  is  geneti- 
cally an  intracellular  affair,  the  ferments,  therefore,  which  are  con- 
cerned in  its  evolution,  htemoglobinase  and  the  oxidases,  are  also 
intracellular.  The  former  is  non-specific,  the  latter  highly  specific: 
the  former  is  for  obtaining  oxygen  wherever  available:  the  latter 
are  specialized  each  for  the  oxidation  of  only  one  kind  of  substance. 

But  reductase  is  not  merely  a  deoxidiser:  although  in  Nature  it 
is  concerned  only  with  the  reduction  of  oxyhsmoglobin,  yet  it  is  a 
true  reducer;  it  can  reduce  substances  as  stable  as  soluble  Prussian 
blue;  alizarine  blue;  methylene  blue  and  indigo  blue;  it  can  reduce 
nitrates  to  nitrites  and  ferric  chloride  to  ferrous  chloride.  Let  us, 
therefore,  in  the  light  of  recent  work  not  hesitate  to  bring  tissue- 
reepiration  under  the  category  of  fermentation;  its  oxidative  side  is 
now  generally  admitted  to  be  endo-enzymic,  let  us  complete  the  con- 
ception and  regard  its  reducing  aspect  as  also  endo-enzymic. 


